D r a f t D Introduction 43 Newfoundland and Labrador's forest products industry directly and indirectly employs 44 over 5,500 workers in pulp and paper, sawmilling, harvesting, and value-added sectors 45 (Government of Newfoundland and Labrador 2015; 2018a) . The pulp and paper sector 46 accounts for approximatively 50% of total revenues and uses 1.2 million cubic meters of 47 local timber, predominantly balsam fir (Abies balsamea (L.) Mill.) and black spruce 48 (Picea mariana (Mill.) B.S.P.). The fiber attributes of both species greatly influence the 49 processing, quality, and uniformity of the end products. For example, refining black 50 spruce pulp requires more energy because of its higher density and longer fibers (Li et al. 51 2011). Black spruce also produces thermomechanical pulping with significantly higher 52 strength properties, whereas balsam fir provides superior optical properties because of its 53 lower cell wall thickness. However, the supply is never consistent in quality because the 54 fiber attributes vary locally and spatially for a given species, as shown for black spruce in 55 eastern Canada (Lessard et al. 2014; Giroud et al. 2017) . Defo et al. (2015) recently noted 56 the importance of knowing the quantity and quality of the forest resource for matching 57 the right fiber to the right end use to maximize product value and also to understand the 58 effects of our forest management decisions on wood quality.
D r a f t D r a f t 5 87 to (i) establish a set of metrics to characterize the tree, its crown, and its immediate 88 environment using TLS data; (ii) develop a list of candidate models, with and without 89 TLS metrics, to estimate the basic density, coarseness, fiber length, MOE, and MFA; (iii) 90 and compare these models and determine the contribution of TLS for modeling wood 91 fiber attributes. The study focused on key fiber attributes that were identified, following a 92 broad consultation of experts across Canada, as key important attributes for industry 93 (Natural Resources Canada 2010). Although Blanchette et al. (2015) demonstrated the 94 potential of TLS for modeling wood fiber attributes at the plot level, to our knowledge, 95 this is the first study to model these attributes at the tree level using metrics derived from 96 TLS data.
D r a f t D r a f t 7 118 determined from crown radius and crown length, assuming a conical crown. Crown 119 density was assessed on a scale of 1 to 3, with 1 representing >66% density and 3 <33% 120 density. Basal area of larger trees (BAL) was calculated by comparing DBH of cored 121 trees with the DBH distribution. 122 Terrestrial laser scanning data acquisition and processing is described in Blanchette et al. 123 (2015) . The TLS scans were acquired using a Z+ F Imager® 5006i (Zoller + Fröhlich 124 GmbH, Wangen im Allgäu, Germany) operated at 0.036 angular resolution. Each site 125 was scanned using four peripheral and one central viewpoints in order to include as many 126 cored trees as possible, reducing signal occlusion (Fig. 1) . Each scan was aligned with 127 circular black and white targets. Six targets were visible from the central viewpoint, 128 whereas a minimum of three visible targets was required for each peripheral scan 129 location. A filtering procedure was also applied to remove all noise points using Z+F D r a f t 8 139 possible the tree, its crown, and its immediate environment in terms of competition and 140 local topography (Table 2) . Cylinders were thus isolated from the TLS scenes using a 141 semi-automatic procedure in the Computree platform version 3.0 (Othmani et al. 2011; 142 Fig. 2 ). The cylinder diameter (Ø) was estimated as a function of the highest point of the 143 canopy (Canopy_MAX) inside an upside-down cone placed at the tree base with a 30 144 opening angle. This angle value was chosen by trial and error to obtain a representative 145 area for the computed metrics according to the canopy height. Highest point of the 146 canopy and coordinates (x, y, z) of each tree base were manually measured using 147 FARO® SCENE version 5.0.1 (Faro Technologies Inc., Lake Mary, Florida, USA).
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where Ø i is the estimated diameter of cylinder i, and Canopy_MAX i is the highest point of 150 the canopy of cylinder i. 151 A suite of metrics was computed to describe the canopy structure and the local 152 topography within the cylinders as detailed by Blanchette et al. (2015) . A Digital 153 elevation model (DEM), digital surface model (DSM), and canopy height model (CHM) 154 were computed for each cylinder scene using a grid of 25 cm x 25 cm resolution with 155 TIFFS© version 8.0 beta (Globalidar, Honolulu, Hawaii, USA). This resolution was 156 chosen to reduce the amount of data while retaining as much detail as possible. Mean and D r a f t 9 160 surface over its 2D projection (Kane et al. 2010) . Vegetation density was estimated by a 161 volume-to-area ratio index (CHM_RATIO) computed as the volume present between the 162 reference plane given by the DEM and the DSM surface. Relative elevation difference 163 was calculated as the difference between the lowest and highest points of the DEM within 164 the cylinder (DEM_EL_DIF). Standard deviation of elevation (DEM_EL_STD) was also 165 determined. A rumple index was computed in the same manner as for the canopy to 166 characterize the ground surface roughness (DEM_EL_RUMPLE). The mean slope and its 167 standard deviation were also estimated within each cylinder from the DEM 168 (DEM_SL_MEAN, DEM_SL_STD). 169 A suite of metrics was then computed to characterize the stem competition within the 170 cylinders as detailed by Blanchette et al. (2015) . One-meter thick slices centered at 1.5 m 171 above ground were extracted from each scene (Huang et al. 2009 ). Each slice was 172 manually filtered to keep only the points from circular sections related to the trunks of 173 standing trees. The location of each standing tree was manually recorded using 174 PointStream© version 3.0, as a point cloud viewer (Arius Technology Inc., Vancouver, 175 British Columbia, Canada). Stem density (TLS_STEMS) was computed within the 176 cylinders. Using the stem coordinates, the observed average distance between neighbors 177 (TLS_DISTANCE) was also calculated (Blanchette et al. 2015 ). An aggregation index 178 was then computed as the ratio of the observed versus expected distance between 179 neighbors (TLS_RATIO) (Clark and Evans 1954) . This metric provides a direct measure 180 of "dispersion" or "clustering" of stems surrounding each target tree. The smaller the 181 ratio, the higher the competition for space among neighboring trees. where n is the number of cells in the raster, V i is the number of non-empty cells in the Z 204 direction above the raster cell i, d i is the distance between the cell i and the projected 205 center of the crown, and H i is the mean height of the voxels of the cell i. 206 The spatial dispersion of the surrounding vegetation was estimated by the CHI computed 207 as a Clark and Evans aggregation index based on the XY coordinates of each cell of the 208 raster (Clark and Evans 1954) . A CDI was also calculated as the ratio between the 209 volume occupied by non-empty voxels and the total volume of the cone.
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Analysis of wood fiber attributes 211 The 12 mm diameter increment cores were extracted at breast height from target trees. 212 Cores were sent to the FPInnovations laboratory in Vancouver, British Columbia. After 213 an acetone extraction, the samples were cut into radial strips of 2 by 7 mm (tangentially 214 by longitudinally), and conditioned at 40% relative humidity and 20°C to reach a wood 215 moisture content of 8%. Pith-to-bark profiles of wood density, stiffness (MOE), MFA, 216 and coarseness were measured using SilviScan TM technology (Evans 1994 (Evans , 2006 . Wood 217 density was determined at 25-µm radial resolution using the X-ray densitometer unit of 218 SilviScan TM . The wood density at 8% moisture content was then converted to basic 219 density (BD), which is the most commonly used definition. Basic density is defined as 220 the ratio between the oven-dry mass of a wood sample and its green volume and was where BD is basic density and D 8 is density at 8% moisture content. It is assumed that the 224 fiber saturation point is 30% and that the water density is 1000 kg/m³. 225 Core measurements, such as the average ring width (RW) and the number of rings (RN), 226 were determined from the density profiles. Microfibril angle was determined by the X-ray Ontario, Canada). The HiRes FQA system collects and analyzes images of fibers from the 234 pulp solution. Length-weighted fiber length was used as it corrects the natural bias 235 associated with fiber-wall fragments, also called fines (Robertson et al. 1999) . Depending 236 on the total age of the samples, fiber length was acquired in two or three age classes, 237 corresponding to juvenile wood (age 1-30), transition wood (age 31-60), and mature 238 wood (age 61+). Samples were run in duplicate for each age class, and the results 239 averaged to get a single value by age class. Wood fiber attributes were averaged 240 assuming a circular shape of the rings. Wood fiber attributes are thus average estimates of 241 the stem cross-section at breast height. target tree and its immediate environment, measured during the forest inventory or 246 derived from TLS (PROC CORR, SAS 9.3, SAS Institute Inc., Cary, North Carolina, 247 USA). A model comparison approach was then used to ensure that all the potential 248 categories of covariates would be tested for their ability to predict wood fiber attributes. 249 Seven sets of candidate models were retained to evaluate the contribution of different (Table 2) . Within each set of models, all possible combinations were tested up to a 259 maximum of three covariates. Candidate models with strongly correlated covariates were 260 removed. Correlation coefficient >0.8 or <-0.8 was considered as evidence of collinearity 261 between two covariates.
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Linear mixed-effects models were developed for estimating the wood fiber attributes at 263 the tree level (PROC MIXED, SAS 9.3, SAS Institute Inc.). A site random effect was 264 added to all models to account for within-site correlation as follows: 265 (4)
Where is one of the wood fiber attributes of target tree j in site i, to the fixed 0 6 267 effect parameters, to the three covariates, the normally distributed site 1 3 268 random effect parameter ( )), and the residual error ( )).
The models were fitted by maximum likehood to find the best model for the fixed effects. the base of live crown, the lower the MFA and the higher the other fiber attributes. 303 Crown length (CR_LGT) was negatively related to wood density. 304 Many highly significant correlations were also found between wood fiber attributes and 305 TLS metrics ( Fiber attribute models 324 The candidate models for estimating wood fiber attributes were ranked according to their 325 AICc scores (Table 4 ). The "STEM" models provided essentially no support for the top-326 ranking models with deltas (Δ i ; AICc differences) greater than 10. Adding crown 327 measurements into the "STEM" models slightly reduced the AICc scores, but the 328 contribution of the "STEM+CROWN" models was limited with deltas greater than 10, 329 except for estimating coarseness (Δ i =6; w BEST /w i =25 times less support than the top-330 ranking model). The base of live crown accounted for 33%, 54%, 65%, and 51% of the 331 explained variation in basic wood density, coarseness, MFA, and MOE, respectively. The
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"CORE" models were always more parsimonious than the "STEM+CROWN" models for 333 estimating wood fiber attributes. The "CORE" models provided substantial support for 334 estimating coarseness (Δ i =2; w BEST /w i =3), less support for estimating fiber length (Δ i =8; 335 w BEST /w i =52), MFA (Δ i =6; w BEST /w i =19), and MOE (Δ i =3; w BEST /w i =4), and essentially 336 no support for estimating wood density (Δ i =16; w BEST /w i =3 294). The 337 "STEM+CROWN+CORE" model was the top-ranking model for estimating wood 338 density, but its contribution was limited for estimating other wood fiber attributes. The 339 "CORE" and "STEM+CROWN+CORE" models were the same for coarseness, MFA, 340 and MOE, with only core measurements retained in the best models.
341
Predictive models were successfully developed to estimate wood fiber attributes using 342 only TLS metrics ( 3.5º (15%), 2.3 GPa (15%). These "TLS" models were the second top-ranking models for 371 estimating fiber length, MFA, and MOE. In addition, at least one TLS metric was 372 retained in the top-ranking models for estimating coarseness, fiber length, MFA, and 373 MOE. The contribution of TLS was less obvious for estimating wood density when the 374 models included core measurements. However, in the field, it is only possible to measure 375 the crown and collect increment cores on a few trees within a plot. An inventory using 376 only TLS data would therefore be preferred over conventional inventories to predict the 377 fiber attributes at the tree level if TLS data could be available for all trees within a plot. 378 The "TLS" models were indeed always more parsimonious than "STEM" models for 379 estimating the attributes of wood fiber. The TLS models were also more parsimonious 380 than the "STEM+CROWN+CORE" models for estimating fiber length, MFA, and MOE. 381 As the top-ranking models included core measurements, it was not surprising that TLS 382 metrics added little additional information, particularly for wood density. The core 383 measurements take into account the past growth of the tree and the level of maturity of 384 the cambium. The first growth rings from the pith form the juvenile wood, which has 385 inferior physical and mechanical properties than those found in the mature wood of the Contrary to our expectations, detailed crown metrics derived from TLS point clouds were 398 not more related with wood fiber attributes than field crown metrics. The influence of 399 canopy competition indices was also limited. However, some biological interpretation 400 can be done. Based on the 3D reconstruction of the crown, we confirmed, for example, 401 that trees with large crowns produced less dense wood as suggested by Larson (1969) . 402 Wood fiber attributes were also positively influenced by the base of live crown. As the 403 tree crown rises with time, the cambium at a given height becomes less subject to direct 404 influence of the crown, and mature wood is formed (Panshin and de Zeeuw 1980). sampling method may partly explain the limited influence of crown metrics. Indeed, 410 wood fiber attributes were measured from pith to bark at breast height, but these 411 attributes also vary longitudinally within a tree (Panshin and de Zeeuw 1980). Whole-tree 412 estimates could be used to better characterize the relationships with crown metrics, or 413 other tree-level metrics, and potentially improve the predictive ability of the models. 414 Breast-height estimates are nevertheless considered moderate to good predictors for the 415 whole tree (Evans et al. 2000) . 416 Competition metrics derived from TLS were also interesting covariates for assessing 417 wood fiber attributes. As expected, trees suppressed by their immediate neighbors had 418 better physical and mechanical properties (Johansson 1993; Yang and Hazenberg 1994) . 419 Better wood properties were also found in trees growing in an immediate environment Table 2 . Descriptive statistics of wood fiber attributes, field, and TLS metrics (n = 69 579 visible target trees). The different groups of covariates are shown ("CORE", "STEM", 580 "CROWN", and "TLS"). 581 D r a f t 31 Table 4 . Top-ranking models of wood fiber attributes. Differences in AICc (Δ i ), AICc weight (w i ), pseudo-R 2 , and RMSE are provided. 598 Signs of parameter coefficients (S1, S2, S3) and percentages of variance explained by the model (P1, P2, P3) . 603 The term "sampled fiber tree" refers to a target tree. The term "area of interest" refers to a 604 TLS scene including all the target trees. D r a f t Figure 1 . Sampling configuration for the TLS data acquisition (Blanchette et al. 2015) . The term "sampled fiber tree" refers to a target tree. The term "area of interest" refers to a TLS scene including all the target trees.
D r a f t Figure 2 . TLS data processing: (A) extraction of the scene using an upside-down cone placed at the tree base with a 30º opening angle. The cylinder diameter was estimated as a function of the highest point of the canopy; (B and C) extraction of the target tree using a semi-automatic procedure in Computree software; (D) reconstruction of the crown using the ''alphashape3d" R package; (E) extraction of the immediate vegetation, surrounding each target tree, using an upside-down cone placed at the crown base with a 30º opening angle.
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